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Abstract 
Models of DME and methanol synthesis plants have been designed by combining the features of 
the simulation tools DNA and Aspen Plus. The plants produce DME or methanol by catalytic 
conversion of a syngas generated by gasification of woody biomass. Electricity is co-produced in 
the plants by a gas engine utilizing the unconverted syngas. A two-stage gasifier with a cold gas 
efficiency of 93% is used, but because of the design of this type of gasifier, the plants have to be of 
small scale (5 MWth biomass input). The plant models show energy efficiencies from biomass to 
DME/methanol + electricity of 51-58% (LHV), which shows to be 6-8%-points lower than 
efficiencies achievable on large-scale plants based on torrefied biomass pellets. By using waste 
heat from the plants for district heating, the total energy efficiencies become 87-88%. 
 
Keywords: biorefinery, dimethyl ether, DME, methanol, Two-Stage Gasifier, syngas. 
 
1. Introduction  
The CO2 emissions of the transportation sector can be reduced by increasing the use of biofuels – 
especially when the biofuels are produced from lignocellulosic biomass [1]. Dimethyl ether 
(DME) and methanol are two such biofuels. DME is a diesel-like fuel that can be produced from 
biomass in processes very similar to methanol production processes. Combustion of DME 
produces lower emissions of NOx than combustion of diesel, with no particulate matter or SOx in 
the flue gas [2], however it also requires storage pressures in excess of 5 bar to maintain a liquid 
state, which is similar to liquefied petroleum gas (LPG). 
Two DME and two methanol synthesis plant, based on syngas from gasification of wood chips, are 
investigated in this paper: 
• The DME-OT and MeOH-OT plants uses once-through (OT) synthesis and the unconverted 
syngas is combusted in a gas engine to produce electricity. 
• The DME-RC and MeOH-RC plants use recycling of some of the unconverted syngas to the 
DME/methanol reactor to maximize DME/methanol production. All the electricity produced 
by the gas engine is used on-site. 
 
Production of methanol from biomass is very well investigated in the literature (e.g., [3,4]), and 
DME production from biomass has also been reported in the literature (e.g., [5,6]). Small-scale tri-
generation of liquid fuel, electricity and heat based on an efficient two-stage gasifier has however 
not been presented in the literature. The small-scale production enables the use of the energy 
efficient Two-Stage Gasifier [7,8] and enhances the possibility of utilizing a district heating co-
production. The economy of small-scale production of liquid fuel cannot compete with large-scale 
* Corresponding author. Fax: +45 45884325, email: lrc@mek.dtu.dk 
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production [9,10]1, but the co-production of district heating in the small-scale plants could 
improve the economy of the small-scale plants.  
This paper documents the design of two DME and two methanol plants using the modeling tool 
DNA [11,12] for the steam dryer and gasifier modeling and Aspen Plus for the downstream 
modeling. Thermodynamic performance of the plant configurations are presented and compared 
with the performance of large-scale plants.  
 
2. Design of the DME and methanol plants 
A simplified process flow sheet of the DME and methanol plant designs is shown in Fig. 1 and 
detailed process flow sheets can be seen in Fig. 3-Fig. 6. Plant design aspects related to feedstock 
preparation, gasification, syngas conditioning, DME/methanol synthesis and separation are 
described next and are followed by a discussion of electricity and heat production in the plants. 
Important process design parameters used in the modeling are shown in Table 1. 
 
Steam drying 
The wet wood chips are dried in co-flow with superheated steam by using a screw conveyer 
design. The methanol/DME reactor and the gas engine exhaust supply the heat needed to superheat 
the steam.  
 
Gasification 
A two-stage gasifier at atmospheric pressure is used for gasifying the dried wood chips. The 
gasifier is an updated design of the one described in [7,8]. In the first stage, the dried wood chips, 
together with the steam surplus from the steam dryer, are heated/pyrolyzed in a closed screw 
conveyer by passing the hot syngas from the gasifier on the outside surface of the closed screw 
conveyer2. In order to lower the tar content, the pyrolysis gas is partially oxidized by adding air. In 
the second stage, the partially oxidized gas passes through a downdraft fixed bed, where the 
gasification reactions occur. The bed consists of coke from the pyrolysis stage. After this stage, the 
tar content in the gas is almost zero [7]3. The composition of the syngas is calculated by assuming 
chemical equilibrium at a temperature slightly above the gasifier exit temperature4. In the 
methanol plants the H2/CO ratio of the syngas is set to 2 by adjusting the biomass water content 
(42.5 mass% water), and in the DME plants the H2/CO ratio is reduced to 1.5 by removing steam 
from the steam dryer loop. A H2/CO ratio of 1 is optimal for DME synthesis (Eq. 4) [5], but a ratio 
of 1.5 is estimated to be the lowest achievable ratio that the gasifier can produce, due to soot 
formation in the partial oxidation at lower steam contents. 
The two-stage gasification concept has been demonstrated in plants with 75 kWth [7] and 700 
kWth biomass input. Because of the design of the pyrolysis stage (heat is transferred from gas to 
solid), it is not considered possible to scale up the gasifier to more than some MWth [8]5. 
Therefore, the biomass input for the modeled gasifier is set to 5 MWth (dry).    
 
1 Small-scale plants will have lower biomass transportation cost than large-scale plants, but economy of scale more 
than outweighs this. 
2 The heat consumption in the pyrolysis unit for the pyrolysis of dry wood is calculated based on measured 
temperatures of inputs and outputs and measured syngas composition – the heat loss to the surroundings is not 
included. The heat consumption for pyrolysis of dry wood (0% water) was estimated to be 952 kJ/kg-(dry wood) or 
5.2% of the LHV (heating from 115°C to 630°C). 
3 Only naphthalene could be measured and the content was <0.1 mg/Nm3 [7]. 
4 In order to match measured data for the methane content, the model adds 0.67 mole% to the methane content 
calculated by chemical equilibrium. 
5 The reference states a size of 3-10 MWth biomass input. 
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Gas cleaning 
Gas cleaning of biomass syngas for DME/methanol synthesis includes cyclones and filters for 
particle removal, a water wash to remove NH3 and HCl, and guard beds placed just before the 
synthesis reactor to remove sulfur and other impurities [13,14]. The guard beds consist of ZnO 
filters to remove H2S, and active carbon filters to remove traces of NH3, HCl, HCN, CS2, and 
COS [14]. Guard beds are used to remove sulfur because the sulfur content in biomass syngas is 
very low6. Measurements on a two-stage gasifier with 75 kWth input showed only 0.93 ppm of 
COS and 0.5-1 ppm of H2S in the raw gas [15]. This is most likely due to the coke bed in the 
gasifier acting as an active carbon filter. The gas cleaning does not comprise tar removal because 
the tar content in the syngas is almost zero. The gas cleaning steps are not included in the 
modeling. 
 
Synthesis of DME and methanol 
The cooled syngas is sent to an intercooled compressor before it enters the DME/methanol 
synthesis reactor. Both reactors are boiling water reactors (BWR) because these reactor types are 
preferred over slurry/liquid phase reactors at small-scale [16,17]. The chemical reaction equations 
producing DME and methanol are showed in Eqs. 1-5. The product gas composition is calculated 
by assuming an approach to chemical equilibrium at the reactor operating temperature and 
pressure (approach temperatures in Table 1).  
 
Methanol synthesis reaction (from CO and H2): 
4H2 + 2CO ↔ 2CH3OH -181.6 kJ (1) 
 
Methanol dehydration: 
2CH3OH ↔ CH3OCH3 + H2O -23.4 kJ  (2) 
 
Water gas shift reaction: 
CO + H2O ↔ CO2 + H2 -41.0 kJ (3) 
 
Direct DME synthesis reactions, (1)+(2) (+(3)): 
3H2 + 3CO ↔ CH3OCH3 + CO2 
4H2 + 2CO ↔ CH3OCH3 + H2O 
-246.0 kJ 
-205.0 kJ 
(4) 
(5) 
 
The reactor product gas is cooled to 40°C (methanol) or -50°C (DME) in order to condense the 
methanol/DME. A gas-liquid separator then separates the liquid from the unconverted syngas. In 
the RC plants, about 76-79% of the unconverted syngas is recycled to the synthesis reactor, and 
the remaining 21-24% is used for power production. The recycle ratio has been optimized together 
with the synthesis pressure to yield the highest fuel production. Regarding the OT plants, the 
synthesis pressure was set to 40 bar in the DME-OT plant [17] and the synthesis pressure in the 
MeOH-OT plant was then adjusted to give the same fuel production as the DME-OT plant (96 
bar). This was done to simplify the comparison of the OT plants.  
Because the syngas from the Two-Stage Gasifier only consists of 56-57 mole% H2+CO, the 
syngas conversions are lower than what would be achieved in large-scale plants using oxygen 
blown gasification and CO2 removal (Fig. 2). The syngas conversions are lowered from 86% to 
64% for methanol synthesis (96 bar, 220°C), and from 85% to 64% for DME synthesis (40 bar, 
6 At a sulfur content of 0.02-0.1 mass% (dry biomass), the sulfur concentration in the dry gas becomes 55-275 ppm 
(H2S+COS). 
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240°C). The reduction in syngas conversion, due to the inert content, can however be compensated 
for by increasing the synthesis pressure (Fig. 2)7. The relatively low operating temperatures of 
220°C and 240°C are suggested by [17] to compensate for the high inert content in the syngas. 
This however results in higher costs for catalytic material compared to large-scale plants operating 
at 250-280°C (DME synthesis) [5,18]. 
 
Separation 
The liquid stream from the gas-liquid separator is distilled by fractional distillation in a topping 
column in order to remove the absorbed gasses (CO2). The CO2-rich stream from the column is 
sent to the gas engine. The resulting crude methanol product contains 2-5% water and the crude 
DME product contains 9-18% water and 10-14% methanol. The crude liquid fuel products are sent 
to central upgrading/purification because this is considered too costly at this small-scale. If 
additional distillation columns were added to the plants, the heat demand for the reboilers could be 
supplied by plant waste heat.   
 
Power production 
The unconverted syngas that is not recycled to the synthesis reactor is heated by the gas engine 
exhaust before being expanded through a turbine to 2 bar8. The gas is then combusted with air in a 
turbocharged gas engine. Gas engine operation on syngas is described in [7]. Because the 
unconverted syngas from the DME plant contains some DME (0.4 mole%), which is a diesel fuel, 
the operation of the gas engine may need to be adjusted. More simple plant designs could be 
obtained if the expander turbines were removed9.  
 
District heating production 
District heating is produced in order to improve the overall energy conversion efficiency for the 
plants. The main sources for district heating are syngas cooling, compressor intercooling and gas 
engine cooling. In the detailed flow sheets (Fig. 3 to Fig. 6), all the sources for district heating in 
the plants can be seen.  
 
3. Results 
The results from the simulation of the DME and methanol plants are presented in the following. In 
the flow sheets in Fig. 3 to Fig. 6, some of the important thermodynamic parameters are shown 
together with electricity production/consumption and heat transfer in the plants. In Table 2 to 
Table 5, the composition of specific streams in the flow sheets are shown.  
 
The flow sheets (Fig. 3 to Fig. 6) show that the 5000 kWth biomass input can be converted to a 
maximum of 2803 kWth of methanol or 2908 kWth of DME in the RC plants - with no net 
electricity production, but with a heat production of 1620 kWth (MeOH) or 1467 kWth (DME) 
(see Fig. 7 for corresponding energy efficiencies). If once-through synthesis is used to simplify the 
synthesis process, the fuel production drops to 2230 kWth of methanol or 2315 kWth of DME, but 
7 For methanol synthesis at 220°C, the syngas conversion at 96 bar corresponds to the syngas conversion at 45 bar in a 
large-scale plant. For DME synthesis at 240°C, the syngas conversion at 40 bar corresponds to the syngas conversion 
at 13 bar in a large-scale plant. The syngas conversion is 64% in all cases.  
8 The MeOH-RC plant also uses waste heat from the gasification section to heat the gas before the expander because 
not enough waste heat is available in the gas engine exhaust. 
9 Removing the expander turbine would lower the number of heat exchangers required, but would also result in a 
reduction of the net power production of 2-3%-points for the OT plants (Fig. 7) and an estimated reduction of the fuel 
production in the RC plants of 4-6%-points (Fig. 7). 
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the net electricity production and the heat production increases to 296 kWe and 1863 kWth 
(MeOH) or 320 kWe and 1730 kWth (DME). These values show that the DME plants produce 
more fuel than the methanol plants on an energy basis, but if the fuel production is compared on a 
methanol-equivalence basis (two moles methanol is used to produce one mole DME), the fuel 
production is actually the same for the OT plants and the RC plants respectively (Table 2 to Table 
5)10. The lower net electricity production by the MeOH-OT plant compared with the DME-OT 
plant is due to the higher synthesis pressure in the methanol plants (96 bar vs. 40 bar for the OT 
plants), resulting in a higher syngas compressor duty. The difference in syngas compressor duty is 
however almost completely compensated for by the electricity consumption for refrigeration 
needed in the DME plants, and by a higher gross electricity production in the methanol plants. 
The higher heat production by the OT plants compared with the RC plants is due to the higher 
waste heat production by the gas engine, and the higher heat production by the methanol plants 
compared with the DME plants is because of: 1. the compressor intercooling due to the higher 
synthesis pressure, and 2. the cooling of the syngas from the methanol/DME reactor due to the 
condensation of methanol when cooling to 40°C. 
Because the performance of the DME/methanol plants showed to be very similar when comparing 
OT plants and RC plants respectively, it is difficult to conclude that one type is better than the 
other. However, because the design of the synthesis loop is more complex in the DME plants and a 
refrigeration plant is needed in the synthesis loop and for the topping column, a methanol plant 
may be more suited for small-scale production11. If the RC plants are compared with the OT 
plants, Fig. 7 shows that the fuels effective efficiencies (FEE) are 5%-points higher for the RC 
plants12, which means that the RC plants should be preferred because they produce DME/methanol 
more efficiently. The added cost for the synthesis loop and the larger DME/methanol reactor (2.5-
3 times higher mole flow, see Table 3 and Table 5) may however make the RC plants less 
attractive than the OT plants.   
  
3.1 Comparison with large-scale DME plants 
In Fig. 7, the energy efficiencies for the DME and methanol plants are compared with energy 
efficiencies for two large-scale DME plants. The large-scale plants are based on pressurized 
oxygen-blown entrained flow gasification of torrefied biomass and are reported in [20]. These 
plants do not produce district heating like the small-scale plants, but this could of course be 
implemented, if a significant heat demand was present near the plants. 
Fig. 7 shows that the small-scale plants produce MeOH/DME + electricity at efficiencies of 51-
58% while the large-scale plants achieve 65-71% from torrefied biomass, but only 59-64% from 
untreated biomass (90% efficiency of the torrefaction process) [20]. The large-scale plants are 
therefore 6-8%-points better than the small-scale plants when the basis is untreated biomass13.  
10 Equal fuel production for the OT plants was an input to the modeling. The reason why the energy content of the 
produced DME is higher than the energy content of the produced methanol is that LHV for methanol includes the heat 
of vaporization because methanol is liquid at standard conditions (LHVmethanol = 638.1 MJ/kmole, LHVDME = 1328 
MJ/kmole).  
11 The fact that a higher synthesis pressure is used in the methanol plants may have a negative economic impact on the 
methanol plants, because of a higher syngas compressor cost, and perhaps higher costs for the synthesis section. 
12 If the FEE’s were calculated with an electric efficiency of 30-31% instead of 50%, the FEE’s for the OT plants 
would be the same as the FEE’s for the RC plants (56% and 58%). 
13 The efficiencies stated for torrefied biomass could also be achieved from untreated biomass if the torrefaction 
process was done on-site and the volatile gasses was feed to the gasifier – e.g. as a chemical quench as suggested by 
[21]. Such a plant would however have higher biomass transportation and storage costs because torrefied biomass 
pellets are very energy dense and can be stored outside [20]. It is unclear which of the two plant types that has the best 
plant economy. 
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One of the reasons for the lower efficiencies achieved for the small-scale plants is the high 
electricity consumption of the plants (10-12% vs. 7%), due to the high syngas compressor duty - 
because of air-blown gasification at atmospheric pressure. The air-blown gasifier is however very 
energy efficient – achieving a cold gas efficiency of 93% (Fig. 8) while the gasifier used in the 
large-scale plants only has a cold gas efficiency of 81% (Fig. 8, 81=73/90).  
The reason why this does not result in higher fuel efficiencies for the small-scale plants, is that the 
high electricity consumption is covered by a gas engine operating on unconverted syngas – 
meaning that a certain amount of unconverted syngas must be supplied to the engine. In the large-
scale plants, waste heat is also used for electricity production why no unconverted syngas is 
needed to cover the (low) electricity consumption. In the DME-RC plant, 24% of the input 
chemical energy is used for electricity production, while only 1% is used in large-scale DME-RC 
plant. This clearly eliminates the higher flow of chemical energy in the small-scale plants after 
gasification (93% vs. 73%, Fig. 8). 
If less unconverted syngas was needed by the gas engine or external electricity was supplied to the 
small-scale plants, it would however be difficult to increase the fuel production much, because of 
the high level of inerts in the syngas.  
 
4. Conclusion 
Synthesis of DME or methanol from syngas generated by the efficient Two-Stage Gasifier showed 
to give energy efficiencies from biomass to methanol/DME + electricity of 51-53% (LHV) for 
once-through synthesis, and 56-58% (LHV) for RC synthesis. There was almost no difference 
between the energy performance of the methanol plants and the DME plants, when comparing the 
fuel production on a methanol-equivalence basis. Besides producing liquid fuel and electricity, the 
plants also produced district heating, which increased the total energy efficiency of the plants to 
87-88% (LHV). 
The energy efficiencies achieved for biomass to methanol/DME + electricity were 6-8%-points 
lower than what could be achieved by large-scale DME plants. The main reason for this difference 
showed to be the use of air-blown gasification at atmospheric pressure in the small-scale plants, 
because this results in high syngas compressor duties and high inert content in the synthesis 
reactor. However, the use of a gas engine operating on unconverted syngas to cover the on-site 
electricity consumption also limits how much of the syngas that can be converted to liquid fuel. 
The reason why the difference between the small-scale and the large-scale plants showed not to be 
greater, was the high cold gas efficiency of the gasifier used in the small-scale plants. 
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Fig. 1. Simplified flow sheet of the DME and methanol plant models 
 
Fig. 2. Syngas conversions (H2+CO) for methanol synthesis (left) and DME synthesis (right) at different synthesis 
temperatures and pressures. The solid lines are for the syngas from the Two-Stage Gasifier (composition in Table 2 for 
DME and Table 4 for methanol), and the dashed lines marked (L) are for a typical syngas used in a large-scale plant 
(methanol: 64.7% H2, 32.3% CO, 3% CO2. DME: 48.5% H2, 48.5% CO, 3% CO2 (mole%)). The syngas conversions 
are calculated with the approach temperatures listed in Table 1. 
 
Fig. 3. Flow sheet of the DME-OT plant model, showing mass flows, electricity consumption/production and heat 
transfer. 
 
Fig. 4. Flow sheet of the DME-RC plant model, showing mass flows, electricity consumption/production and heat 
transfer. 
 
Fig. 5. Flow sheet of the MeOH-OT plant model, showing mass flows, electricity consumption/production and heat 
transfer. 
 
Fig. 6. Flow sheet of the MeOH-RC plant model, showing mass flows, electricity consumption/production and heat 
transfer. 
 
Fig. 7. Energy efficiencies for the conversion of biomass to DME/methanol and electricity for the four small-scale 
plants compared with two large-scale DME plants from [20] (the reference gives the fuel efficiency for the DME-OT-
L plant to 48% instead of 49%. 49% is the correct value). FEE = fuels effective efficiency, defined as 
fuel
biomass-net electricity
50%  where the fraction net electricity50%  corresponds to the amount of biomass that would be used in a stand-
alone BIGCC power plant with an efficiency of 50% [5] to produce the same amount of electricity. Electricity 
consumption + net electricity = gross electricity production. 
 
Fig. 8. Chemical energy streams (LHV, dry) in the small-scale DME plants compared with two large-scale DME 
plants from [20]. The figure includes conversion heat losses. The conversion heat losses (excluding the torrefaction 
heat loss) are in the large-scale DME plants used by a steam plant to produce electricity. In the small-scale DME 
plants, the conversion heat losses are used internally in the gasifier and for steam drying of biomass. The torrefaction 
process does not occur in the large-scale DME plants, but decentralized. WGS = water gas shift.  
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Table 1 
Process design parameters used in the modeling. 
 
Table 2 
Stream compositions for the DME-OT plant (stream numbers refer to Fig. 3)  
 
Table 3 
Stream compositions for the DME-RC plant (stream numbers refer to Fig. 4)  
 
Table 4 
Stream compositions for the MeOH-OT plant (stream numbers refer to Fig. 5)  
 
Table 5 
Stream compositions for the MeOH-RC plant (stream numbers refer to Fig. 6)  
 
  
10 
 
 
 
 
Fig. 1. Simplified flow sheet of the DME and methanol plant models 
  
Two-stage 
gasification
Stream 
drying
Compression Synthesis
Syngas
Separation
Liquid
Electricity 
production
Wood
DME/MeOH
Unconverted syngas
11 
 
 
Fig. 2. Syngas conversions (H2+CO) for methanol synthesis (left) and DME synthesis (right) at different synthesis 
temperatures and pressures. The solid lines are for the syngas from the Two-Stage Gasifier (composition in Table 2 for 
DME and Table 4 for methanol), and the dashed lines marked (L) are for a typical syngas used in a large-scale plant 
(methanol: 64.7% H2, 32.3% CO, 3% CO2. DME: 48.5% H2, 48.5% CO, 3% CO2 (mole%)). The syngas conversions 
are calculated with the approach temperatures listed in Table 1. 
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Fig. 3. Flow sheet of the DME-OT plant model, showing mass flows, electricity consumption/production and heat 
transfer. 
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Wet Wood (42.5% water)
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Air
DME
Fluegas
5000 kWth (dry)
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1
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38
Water
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42 kWth
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38 kWth
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5
8
13
31 32
36
37
39
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41
42
43
47
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49
t (C) p (bar) m (kg/s)
17 40 1.0 0.674
18 40 1.0 0.041
19 130 41.0 0.633
20 220 40.7 0.633
21 220 40.7 0.633
22 240 40.0 0.633
23 160 39.8 0.633
24 40 39.4 0.633
25 25 39.4 0.633
26 -23 39.3 0.633
27 -50 39.2 0.633
28 -50 38.5 0.412
29 15 38.3 0.412
30 314 37.5 0.412
31 95 2.0 0.412
32 25 2.0 0.412
t (C) p (bar) m (kg/s)
43 152 1.0 1.636
44 80 1.0 1.636
45 -52 10.0 0.221
46 -16 10.0 0.221
47 -41 10.0 0.136
48 -56 2.0 0.136
49 51 10.0 0.086
t (C) p (bar) m (kg/s)
1 15 1.0 0.476
2 200 1.0 3.307
3 115 1.0 3.392
4 115 1.0 0.085
5 40 1.0 0.085
6 115 1.0 0.391
7 630 1.0 0.391
8 730 1.0 0.004
9 730 1.0 0.707
10 730 1.0 0.223
11 80 1.0 0.223
12 230 1.0 0.484
13 15 1.0 0.320
14 700 1.0 0.320
15 183 1.0 0.707
16 40 1.0 0.033
t (C) p (bar) m (kg/s)
33 11 2.0 0.547
34 15 1.0 1.089
35 99 2.0 1.089
36 40 2.0 1.089
37 25 2.0 1.089
38 400 1.9 0.401
39 325 1.0 1.235
40 344 1.0 1.636
41 250 1.0 1.636
42 178 1.0 1.636
432 kWth
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86 kWth
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Fig. 4. Flow sheet of the DME-RC plant model, showing mass flows, electricity 
consumption/production and heat transfer. 
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8 730 1.0 0.004
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13 15 1.0 0.320
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16 40 1.0 0.033
17 40 1.0 0.674
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42 351 1.0 1.232
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Fig. 5. Flow sheet of the MeOH-OT plant model, showing mass flows, electricity consumption/production and heat 
transfer. 
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39 94 1.0 1.639
40 80 1.0 1.639
41 40 93.0 0.139
42 25 2.0 0.026
43 83 2.0 0.113
t (C) p (bar) m (kg/s)
1 15 1.0 0.476
2 200 1.0 3.307
3 115 1.0 3.307
4 115 1.0 0.476
5 630 1.0 0.476
6 730 1.0 0.004
7 730 1.0 0.784
8 730 1.0 0.209
9 80 1.0 0.209
10 236 1.0 0.575
11 15 1.0 0.313
12 700 1.0 0.313
13 195 1.0 0.784
14 40 1.0 0.092
t (C) p (bar) m (kg/s)
29 15 1.0 1.104
30 99 2.0 1.104
31 40 2.0 1.104
32 25 2.0 1.104
33 400 1.9 0.384
34 325 1.0 1.255
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36 269 1.0 1.639
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17 kWth
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H2/CO = 2.0
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Fig. 6. Flow sheet of the MeOH-RC plant model, showing mass flows, electricity 
consumption/production and heat transfer. 
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4 115 1.0 0.476
5 630 1.0 0.476
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10 236 1.0 0.575
11 127 1.0 0.575
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Fig. 7. Energy efficiencies for the conversion of biomass to DME/methanol and electricity for the four small-scale 
plants compared with two large-scale DME plants from [20] (the reference gives the fuel efficiency for the DME-OT-
L plant to 48% instead of 49%. 49% is the correct value). FEE = fuels effective efficiency, defined as 
𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟
𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛−
𝐧𝐧𝐟𝐟𝐧𝐧 𝐟𝐟𝐟𝐟𝐟𝐟𝐞𝐞𝐧𝐧𝐞𝐞𝐛𝐛𝐞𝐞𝐛𝐛𝐧𝐧𝐞𝐞
𝟓𝟓𝟓𝟓%  where the fraction 𝐧𝐧𝐟𝐟𝐧𝐧 𝐟𝐟𝐟𝐟𝐟𝐟𝐞𝐞𝐧𝐧𝐞𝐞𝐛𝐛𝐞𝐞𝐛𝐛𝐧𝐧𝐞𝐞𝟓𝟓𝟓𝟓%  corresponds to the amount of biomass that would be used in a stand-
alone BIGCC power plant with an efficiency of 50% [5] to produce the same amount of electricity. Electricity 
consumption + net electricity = gross electricity production. 
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Fig. 8. Chemical energy streams (LHV, dry) in the small-scale DME plants compared with two large-scale DME 
plants from [20]. The figure includes conversion heat losses. The conversion heat losses (excluding the torrefaction 
heat loss) are in the large-scale DME plants used by a steam plant to produce electricity. In the small-scale DME 
plants, the conversion heat losses are used internally in the gasifier and for steam drying of biomass. The torrefaction 
process does not occur in the large-scale DME plants, but decentralized. WGS = water gas shift. 
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Table 1 
Process design parameters used in the modeling. 
 
Feedstock Wet wood chips. Dry composition (mass%): 48.8% C, 43.9% O, 6.2% H, 0.17% N, 0.02% S, 
0.91% Ash [7]. LHV = 18.3 MJ/kg-dry [7]. Moisture content = 42.5 mass% 
Steam dryer Texit = 115°C. Tsuperheat = 200°C. Dry wood moisture content = 2 mass%a.  
Gasifier P = 1 bar. Carbon conversion = 99% [7]. Heat loss = 3% of the biomass thermal input (dry). 
Texit = 730°C. Tequilibrium = 750°C.  
Compressors ηpolytropic = 80%, ηmechanical = 94%. ηelectrical = 100% [19]b. Syngas compressor: 5 stages with 
intercooling to 40°C. 
DME/MeOH 
synthesis 
BWR reactor. Chemical equilibrium at reactor outlet temperature and pressure. Reactor outlet 
temperatures: 240°C (DME) and 220°C (MeOH) [17]. Reactor pressures: 40.0 bar (DME-OT), 
44.7 bar (DME-RC), 96.0 bar (MeOH-OT), 95.0 bar (MeOH-RC). The approach temperatures 
used are: 15°C for the methanol reaction (1) and the water gas shift reaction (3), 100°C for the 
methanol dehydration reaction (2) [17]. 
Cooling COP = 1.2 (cooling at -50°C)  
Expander / turbine η isentropic = 70%, ηmechanical = 94%. 
Gas engine 38% of the chemical energy in the gas (LHV) is converted to electricity. Excess air ratio (λ) = 
2.  Texhaust = 400°C. Turbocharger: p = 2 bar, η is, compressor = 75%, η is, turbine = 78%, ηmechanical = 
94%. 
Heat exchangers ∆Tmin = 10°C (gas-liq) or 30°C (gas-gas). In pyrolysis stage: ∆Tmin = 100°C (gas-solid).  
District heating Twater, supply = 80°C, Twater, return = 30°C  
  
a The model of the steam dryer is based on measured data for a steam dryer of the same configuration and 700 kWth 
wood chips input. 
b The polytropic efficiency of the syngas compressor may be lower than 80%, because of the small scale. If the 
efficiency was 70%, the power consumption of the compressor in the MeOH-OT would be 101 kWe higher (17% 
higher), resulting in a 2%-points lower net electricity output (Fig. 7).  
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Table 2 
Stream compositions for the DME-OT plant (stream numbers refer to Fig. 3)  
 
 Gasifier 
exit 
Reactor 
inlet 
Reactor 
outleta 
To 
expander 
To distil-
lation 
CO2 to 
engine 
Gas to 
engineb 
DMEc 
Stream number 9 21 22 30 46d 48 33 49d 
Mass flow (kg/s) 0.707 0.633 0.633 0.412 0.221 0.136 0.547 0.086 
Flow (mole/s) 34.2 30.1 22.8 17.6 5.18 3.14 20.7 2.04 
Mole frac (%)         
H2 30.0 34.1 20.2 26.1 0.20 0.33 22.2 0.00 
CO 20.4 23.2 7.3 9.3 0.35 0.58 8.0 0.00 
CO2 11.0 12.5 23.8 13.7 58.0 95.7 26.1 0.00 
H2O 12.4 0.42 0.84 0.00 3.7 0.00 0.00 9.3 
CH4 0.76 0.87 1.1 1.4 0.30 0.49 1.3 0.00 
N2 25.1 28.5 37.7 48.4 1.7 2.7 41.4 0.00 
Ar 0.30 0.34 0.45 0.56 0.06 0.09 0.49 0.00 
CH3OH - - 0.92 0.00 4.1 0.00 0.00 10.3 
CH3OCH3 - - 7.6 0.48 31.7 0.05 0.41 80.4 
 
a The syngas conversion in the DME reactor is 64% (55% H2-conversion and 76% CO-conversion). 
b The energy content in the gas to the engine is 7.8 MJ/m3 (LHV). 
c The flow of methanol-equivalent is 3.49 mole/s (1 mole of DME is 2 mole methanol-equivalent). 
d Liquid. 
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Table 3 
Stream compositions for the DME-RC plant (stream numbers refer to Fig. 4)  
 
 Gasifier 
exit 
After 
compressor 
Reactor 
inlet 
Reactor 
outleta 
Recycle 
gasb 
To distil-
lation 
CO2 to 
engine 
Gas to 
enginec 
DMEd 
Stream number 9 19 22 23 31 48e 50 35 51e 
Mass flow (kg/s) 0.707 0.633 1.733 1.733 1.100 0.278 0.164 0.519 0.114 
Flow (mole/s) 34.2 30.1 74.5 65.5 44.4 6.71 3.80 18.1 2.91 
Mole frac (%)          
H2 30.0 34.1 25.8 18.0 20.1 0.13 0.23 15.9 0.00 
CO 20.4 23.2 12.6 4.9 5.4 0.17 0.30 4.3 0.00 
CO2 11.0 12.5 12.5 16.8 12.5 54.2 95.7 29.9 0.00 
H2O 12.4 0.39 0.16 0.79 0.00 7.6 0.00 0.00 17.6 
CH4 0.76 0.87 1.3 1.5 1.7 0.32 0.56 1.4 0.00 
N2 25.1 28.6 46.8 53.3 59.2 1.7 3.0 47.4 0.00 
Ar 0.30 0.34 0.54 0.62 0.68 0.06 0.11 0.56 0.00 
CH3OH - - 0.00 0.61 0.00 5.9 0.00 0.00 13.6 
CH3OCH3 - - 0.28 3.5 0.47 29.8 0.05 0.38 68.7 
 
a The syngas conversion in the DME reactor is 48% (39% H2-conversion and 66% CO-conversion). 
b 76% of the unconverted syngas is recycled, resulting in a reactor inlet mole flow that is 2.5 times higher than the feed 
flow. 
c The energy content in the gas to the engine is 5.8 MJ/m3 (LHV). 
d The flow of methanol-equivalent is 4.39 mole/s (1 mole of DME is 2 mole methanol-equivalent). 
e Liquid. 
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Table 4 
Stream compositions for the MeOH-OT plant (stream numbers refer to Fig. 5)  
 
 Gasifier 
exit 
Reactor 
inlet 
Reactor 
outleta 
To 
expander 
To distil-
lation 
CO2 to 
engine 
Gas to 
engineb 
MeOHc 
Stream number 7 19 20 25 41d 42 28 43d 
Mass flow (kg/s) 0.784 0.648 0.648 0.509 0.139 0.026 0.535 0.113 
Flow (mole/s) 38.7 31.1 23.7 19.5 4.19 0.63 20.2 3.57 
Mole frac (%)         
H2 29.9 37.1 17.5 21.2 0.15 0.99 20.6 0.00 
CO 14.9 18.6 8.8 10.6 0.13 0.85 10.3 0.00 
CO2 12.8 15.9 20.9 22.7 12.7 85.4 24.6 0.00 
H2O 19.7 0.24 0.32 0.01 1.8 0.00 0.01 2.1 
CH4 0.71 0.88 1.2 1.4 0.08 0.53 1.4 0.00 
N2 21.7 27.0 35.4 42.9 0.52 3.5 41.6 0.00 
Ar 0.26 0.32 0.42 0.51 0.02 0.13 0.49 0.00 
CH3OH - - 15.6 0.77 84.6 8.6 1.0 97.9 
 
a The syngas conversion in the methanol reactor is 64% (64% H2-conversion and 64% CO-conversion). 
b The energy content in the gas to the engine is 7.8 MJ/m3 (LHV). 
c The flow of methanol is 3.49 mole/s. 
d Liquid. 
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Table 5 
Stream compositions for the MeOH-RC plant (stream numbers refer to Fig. 6)  
 
 Gasifier 
exit 
After 
compressor 
Reactor 
inlet 
Reactor 
outleta 
Recycle 
gasb 
To distil-
lation 
CO2 to 
engine 
Gas to 
enginec 
MeOHd 
Stream number 7 18 21 22 26 43e 44 31 45e 
Mass flow (kg/s) 0.784 0.648 2.391 2.391 1.743 0.180 0.035 0.504 0.145 
Flow (mole/s) 38.7 31.1 92.5 83.3 61.3 5.45 0.83 17.3 4.62 
Mole frac (%)          
H2 29.9 37.1 21.3 12.5 13.3 0.09 0.58 12.7 0.00 
CO 14.9 18.6 11.6 7.5 8.1 0.09 0.59 7.7 0.00 
CO2 12.8 15.9 21.8 24.0 24.8 13.1 85.8 27.7 0.00 
H2O 19.7 0.24 0.09 0.29 0.01 4.2 0.00 0.01 4.9 
CH4 0.71 0.88 1.4 1.5 1.6 0.09 0.57 1.6 0.00 
N2 21.7 27.0 42.7 47.4 50.7 0.57 3.7 48.5 0.00 
Ar 0.26 0.32 0.50 0.56 0.60 0.02 0.14 0.58 0.00 
CH3OH - - 0.52 6.1 0.78 81.8 8.6 1.2 95.1 
 
a The syngas conversion in the methanol reactor is 45% (47% H2-conversion and 42% CO-conversion). 
b 79% of the unconverted syngas is recycled, resulting in a reactor inlet mole flow that is 3.0 times higher than the feed 
flow. 
c The energy content in the gas to the engine is 5.9 MJ/m3 (LHV). 
d The flow of methanol is 4.39 mole/s. 
e Liquid. 
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